Ruminal bacteria or fungi were selected by the addition of cycloheximide or streptomycin and penicillin, respectively, to ruminal fluid, and the weakening and degradation of lignified tissues in alfalfa and Bermuda grass stems by these treatments and whole ruminal fluid were evaluated in vitro. Dry weight loss in alfalfa was similar for whole ruminal fluid and streptomycin-penicillin treatment, whereas that with streptomycinpenicillin treatment was significantly higher (P c 0.05) than that with cycloheximide treatment. In Bermuda grass, dry weight loss was significantly higher with streptomycin-penicillin than that with whole ruminal fluid and cycloheximide treatment, which were equal. Both peak load (Newtons) and peak stress were less (P s 0.05) for streptomycin-penicillin treatment than with other treatments in both forages. Fungi colonized the lignified ring in alfalfa and tended to reduce the width of cell walls in this tissue, but a large number of fungal penetrations through cell walls was not observed. In contrast, fungal rhizoids frequently penetrated into and through cell walls in the lignified ring of Bermuda grass, often expanding the pit fields between the cells. Ruminal fungi disrupt lignified tissues in stems, and their activity results in a weakened residue more amendable to physical degradation. This weakening may allow plant digesta to be more easily broken apart during animal's rumination and thus facilitate digesta flow and fiber utilization.
It has been well established that anaerobic fungi are a significant part of the population of fiber-digesting ruminal microorganisms (5, 9, 22) . Furthermore, it is now clear that ruminal fungi produce cellulases and xylanase, which are active against forage cell wall carbohydrates (20, 23) .
In the first in-depth studies of ruminal fungal colonization of plants, Bauchop (9) reported that sporangia were produced on lignocellulosic plant tissues. Further studies on specific plant tissues (4) showed that the leaf blade sclerenchyma was extensively degraded, whereas the more resistant xylem cells were only partially degraded. Despite this ability to colonize and degrade the lignocellulosic tissues, ruminal fungi have recently been shown to solubilize phenolic compounds from plant fiber but not to catabolize the phenolic compounds to CH4 and CO2 (3) . In studies of grass leaves, often the dry weight loss attributed to the fungal population was similar or less extensive than that by the mixed bacterial population (5) . However, even when dry weight loss was less extensive, ruminal fungi were shown to erode portions of the xylem cells, resulting in a weakened residue.
Plant anatomy and structural characteristics related to physical breakdown and reduction in particle size that occur during mastication are thought to be important in forage quality, since they influence fiber passage through the digestive tract (12, 18) . Stems have an anatomy that results in a highly lignified residue after digestion by ruminal microorganisms (13, 27 ) and appear to be especially resistant to digestion and physical destruction. There is presently little quantitative information on the ability of the ruminal fungi or bacteria to weaken the plant fiber or on the effect that microbial digestion might have on subsequent physical forces that reduce structural limitations. We have previously added antibiotics to ruminal fluid and selected for bacteria (cycloheximide) or fungi (streptomycin and penicillin) that degrade fiber (3) . Our purpose in this study was to utilize an * Corresponding author.
objective procedure to quantitatively evaluate in vitro the potential for ruminal fungi and bacteria to alter the texture of stem fragments of two forages.
MATERIALS AND METHODS Plant substrate. Coastal Bermuda grass (Cynodon dactyIon (L.) Pers), grown in well-managed plots near Athens, Ga., was harvested after a 6-week regrowth. Alfalfa (Medicago sativa L.), grown in well-managed plots near the University of Minnesota, was from a 4-week regrowth. Whole plants of each forage were frozen immediately after harvest and maintained at -10°C until used. Stem segments were cut at 1-cm lengths for dry weight loss and fracture tests and at 3-mm lengths for microscopy. Bermuda grass stems were cut from the fourth or fifth internodes from the apex, and alfalfa stems were from internodes midway of the plants. Stem segments were collected from several plants and mixed together, and ten segments were placed into each Hungate tube. For dry weight loss and fracture tests, sections were freeze-dried and weighed before incubation. Three-millimeter segments were not freeze-dried.
In vitro incubation with microbial groups. Hungate tubes with stem segments were prepared with the basal medium of Caldwell and Bryant (11) as described previously (1) . Antibiotics were added to autoclaved tubes to select for microbial groups as follows: (i) whole ruminal fluid (WRF) without antibiotics to evaluate the mixed microbial population, (ii) SP, 130 U of streptomycin (S) plus 2,000 U of penicillin (P) per ml of medium to inhibit bacteria and select for anaerobic fungi, (iii) 0.5 mg of cycloheximide (C) per ml of medium to inhibit fungi and select for bacteria, and (iv) all three antibiotics (SPC) to inhibit all microbial groups. Five tubes with 1-cm stem segments and one tube with 3-mm stem segments for each of the antibiotic treatments were inoculated with 0.4 ml of strained ruminal fluid from a cannulated steer; a similar set of tubes was left uninoculated to serve as controls and to assess washout of soluble material. The diet of the steer was Bermuda grass hay plus 4 segments were dehydrated in a graded ethanol series and prepared for scanning electron microscopy (SEM) or transmission electron microscopy (TEM) as described previously (4) .
Microscopic evaluation of cell wall degradation. Transmission electron micrographs were prepared at precise enlargements (total magnification, x 6,960) for three sites for each of two stems per treatment. Cell wall widths were then measured for the lignified ring and for the parenchyma (6, 14, 27) .
Additionally, the number of breaks or partial breaks due to microbes through the thick-walled cells of the lignified ring were counted within a thin section for each of two stems per treatment. The microbial breaks were characterized as follows: (i) partial invagination by microbial structures into a cell wall, (ii) complete penetration by microbial structure through the secondary wall to the middle lamella, and (iii) transverse invagination into contingous cells and penetration across the middle lamella. Tissue was evaluated within at least 20 sites for each thin section.
Statistical analysis. Data for percent dry weight loss were treated within forages by a two-way analysis of variance (26) . Data on cell wall widths were treated by a one-way analysis of variance within treatments for a forage. Data for energy and forces to break stems were treated within forages by a two-way analysis of variance with duplicate test tubes nested within treatments, and stem diameter was fitted as a covariant. Data for peak stress were treated by a two-way analysis of variance but without stem diameter fitted as a covariant because peak stress is a measure of the force necessary to deform the sample divided the diameter of the stem. Difference means and adjusted means were determined by using Scheffe's multiple comparison as described by Kleinbaum and Kupper (17) .
RESULTS
In vitro dry weight loss of stems. In alfalfa, dry weight loss was highest for WRF and SP (38 and 41%, respectively) compared with other treatments (Table 1) . Loss due to the bacteria inoculum (i.e., C treatment) tended to be less (but was not significant; P > 0.05) than that with WRF. The loss due to solubilization of about 20% in the uninoculated control was not different from loss in SPC treatment, showing that the combination of antibiotics effectively prevented fiber degradation. For Bermuda grass, the greatest loss occurred with SP, whereas WRF and C treatments were similar (Table 1) . Losses in SPC treatment and controls were similar and lower (P < 0.05) than those with other treatments.
SEM of microbial colonization of fiber in stems. SEM of alfalfa and Bermuda grass ( Fig. 1 through 3) provided information on the microorganisms degrading the fiber of stems. Losses were not apparent in SPC treatment (Fig. 1) . The C treatment resulted in heavy colonization by ruminal bacteria for both alfalfa and Bermuda grass (Fig. 2) and lack of activity by ruminal eucaryotes (i.e., protozoa and fungi). Loss of tissue by bacteria in alfalfa was slight, showing degradation of the innermost parenchyma cells but resistance of the lignified ring. In Bermuda grass, the ruminal bacteria in C treatment resulted in loss of most of the parenchyma with a residue of lignified epidermis, lignified ring, and vascular bundle cells (Fig. 2) . With SP treatments, ruminal fungi were the predominant microorganisms degrading fiber. Colonization by sporangia and rhizoids of the lignified ring in alfalfa and Bermuda grass (Fig. 3) stem segments indicated that differences in physical characteristics could be measured by using wet or dry samples. The procedure for testing included wet samples maintained in water after incubation to maintain plant segments in a form similar to that in the digesta and the use of a single blade contacting the stem segment at the midpoint to simulate shearing forces of the ruminant's teeth.
In alfalfa, incubation of stem segments with SP resulted in a weaker (P c 0.05) residual segment based on lower peak load and peak stress values compared with other treatments, which were similar to each other (Table 2) . Energy to compress stems also tended (P > 0.05) to be lower for the SP treatment. The C treatment resulted in higher (P s 0.05) values for energy, peak load, and peak stress than those for WRF. In Bermuda grass, SP also resulted in residues with lower (P c 0.05) values for peak load and peak stress and a tendency for a lower energy value ( ment tended to be thinner, but widths were not significantly different (Table 3 ). In Bermuda grass cell walls and pit fields in lignified ring tissue of control stems (Fig. 4) were compared with those in stems incubated with C or SP treatments ( Fig. 5 and 6 ). In C treatment, ruminal bacteria eroded small pits in the cell wall and occasionally expanded the pit fields (Fig. 5) . In SP treatment, ruminal fungi were prevalent, and in some sites multiple pit fields were expanded ( Fig. 6 ) with rhizoids transversing the middle lamella regions (Fig. 6,  inset) . Further, in SP treatment fungi eroded areas in the lignified xylem cell walls of vascular tissue, resulting in a weakened structure. Cell walls in the lignified ring were not different in width, but parenchyma cell walls were thinner (P < 0.05) with C and SP treatments compared with those with other treatments. The lignified rings in alfalfa and Bermuda grass were the tissues most resistant to degradation. In alfalfa, the only recognizable difference in C and SP treatments was a trend for thinner walls after SP treatment. In contrast, in Bermuda grass the cell walls were penetrated to a greater extent by fungi than by bacteria. In comparing sites within thin sections for degradation of plant walls (Fig. 5 and 6 ) the following values give the extent of microbial penetrations of walls per site for bacteria and fungi, respectively: partial penetration, 0.27 and 0.83; complete penetration, 1.36 and 1.75; and penetration across two cells, 0 and 0.13.
DISCUSSION
The production of volatile fatty acids as energy sources and single-cell protein by ruminal microbial fermentation of " Values represent averages of four (lignified ring) or three (parenchyma) measurements for each of three sites in two stems. Values within columns followed by different letters differ at P -0.05. Standard errors of the mean were 0.1 ,um throughout.
forages is well established (16) . However, the effects of the interaction between plants and microbes, in terms of forage quality, are complex and pertain to physical and biochemical parameters. The time of retention and passage of fiber from the rumen controls various characteristics of forage quality (e.g., intake, digestibility, protein metabolism) (30) . Physical attributes of fiber associated with size and specific gravity of particles, in turn, affect the passage of fiber out of the rumen (30) . Recently, it was reported that changes in specific gravity of fiber were affected by the initial particle size in alfalfa and timothy hays (21) . Reduction in particle size is frequently cited as an important factor in forage utilization, and a threshold size for particles to escape the rumen (1.0 to 2.0 mm for sheep and 2.0 to 4.0 mm for cattle) has been reported (28) . The major causes for reduction in particle size are eating and ruminating by the animal, with reduction due to microorganisms being less pronounced (28, 31) .
Investigations by microscopy of various plants have shown that extreme rupture of lignified tissues occurs during feed ingestion, and a potential result is that surface areas are increased for microbial colonization and degradation (24) . Research involving masticated leaf blades placed in nylon bags within the rumen showed that the microbial population did not reduce lignified fiber bundles in length but that the width of leaves was reduced by microorganisms (31) . The lignified fibers in grass leaves have been reported to account for 90 to 95% of the longitudinal stiffness (29) . In this present work, none of the stem segments were broken apart by action in vitro of either the bacteria or the fungi.
Previous work (4, 5) (31) .
Residues in mature stems of both legumes and grasses after digestion are comprised of a prominent, cylindrical band of lignified cells, and in grasses the parenchyma is also present. In extremely mature grasses, virtually all stem tissues resist microbial degradation (6, 14, 27) . Before the present study, no work had been done to compare the activity of ruminal bacteria and fungi on specific tissues in stems. Our data showed that the mixed fungal population that was selected with SP readily colonized and partially degraded the most resistant tissues in the stem while at times leaving digestible tissues undegraded, apparently because of selected sites of colonization. Ruminal bacteria caused only slight tissue loss in the most resistant tissues. As observed in other studies (7), ruminal protozoa were not present as primary fiber degraders in this system, although they do participate in other systems (8) (4, 25) .
The weaker residue after fungal degradation compared with that by the whole population occurred whether dry weight loss of the forage was higher or not. These data, along with those from other studies where fungi degraded less fiber components than did bacteria (3) 
